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Abstract. Three-dimensional 共3-D兲 imaging is demonstrated using an
electronically controlled liquid crystal 共LC兲 optical lens to accomplish a
no-moving-parts depth-section scanning in a modified commercial 3-D
confocal microscope. Specifically, 3-D views of a standard CDC blood
vessel 共enclosed in a glass slide兲 have been obtained using the modified
confocal microscope operating at the red 633-nm laser wavelength.
The image sizes over a 25-m axial scan depth were 50⫻ 50 m and
80⫻ 80 m, using 60⫻ and 20⫻ micro-objectives, respectively. The
transverse motion step was 0.1 m for the 60⫻ data and 0.2 m for the
20⫻ data. As a first-step comparison, image processing of the standard
and LC electronic-lens microscope images indicates correlation values
between 0.81 and 0.91. The proposed microscopy system within aberration limits has the potential to eliminate the mechanical forces due to
sample or objective motion that can distort the original sample structure
and lead to imaging errors. © 2008 Society of Photo-Optical Instrumentation
Engineers. 关DOI: 10.1117/1.2944135兴

Subject terms: Liquid crystal; optical imaging; microscopy.
Paper 080096 received Feb. 1, 2008; accepted for publication Mar. 24, 2008;
published online Jul. 2, 2008.

1

Introduction

Confocal microscopes are widely used for 3-D imaging of
microscopic objects. In the basic confocal microscope, a
point source is focused onto the sample, using an objective
lens. The reflected or transmitted light, depending on which
configuration is used, is collected by the same or a different
objective lens and focused on a tiny pinhole in front of the
detector, using a spherical lens. The size of the pinhole is
chosen to let only the central part of the Airy pattern hit the
detector. This ensures that only the rays coming from the
image focal plane can reach the detector while all the outof-focus light is rejected. This confocal process strongly
increases image contrast and hence is a powerful tool to
implement 3-D imaging.1–4 The confocal process also
vastly reduces background fluorescence from out-of-focus
parts of the sample, which cannot be done in standard optical microscopy.
Most present-day confocal microscopes use a combination of mirror-based beam scanning for transverse 共xy兲
beam motion and piezoelectric mechanical motion of
sample stage or objective to achieve z-direction 共axial兲
scans to complete data acquisition for 3-D imaging of test
samples. Because piezoelectric stages have inherent hysteresis, the system uses complex feedback controls to maintain scan motion operational accuracy. Fast axial mechanical motion of the objective or the sample, which are
typically coupled via an index-matching fluid 共e.g., oil兲, can
cause mechanical forces to develop within the sample
structure, particularly a live sample. Hence, it would be
0091-3286/2008/$25.00 © 2008 SPIE
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highly useful to remove these axial-motion-produced mechanical forces on a sample by using an electronic lens
共e-lens兲 to electronically change the axial focus position on
a sample. Ultimately, one should be able to deploy nomoving-parts optical scanners within the microscope system to enable a 3-D scanning optical beam on the specimen
under observation.
The scanning operation can move a beam focus in one
共linear兲, two 共transverse兲, or three 共transverse+axial兲 dimensions. For example, the use of multiple wavelengths
coupled with dispersive media to implement optical beam
scanning goes back to laser radar designs in 1971.5 The
subsequent use of a chromatic lens with wavelength encoding for axial scans dates back to 1984 for profilometry,6,7
and the same concept was later used for microscopy
designs.8,9 Use of multiple wavelengths for spatial phasedarray mapping at the exit of a single-mode fiber 共SMF兲 for
biomedical ultrasonic ultracompact probe design was introduced in 1995.10,11 Further extensions of the wavelengthto-space mapping concepts occurred for designing nomoving-parts microscopes with one-dimensional 共1-D兲
scanning 共stare mode兲12–17 and two-dimensional 共2-D兲 optical scanning and for designing free-space laser communication systems.18,19 Although this design is elegant and
highly useful for intracavity applications,20,21 the wavelength encoding of a beam’s spatial properties assumes the
beam-sample interaction to be uniform and furthermore
puts broadband performance constraints on all optics used
to make the scanning microscope. Hence, a wavelengthinsensitive optical scanning design such as traditional scanning mirrors coupled with sample 共or objective兲 motion is
preferred today. Nevertheless, next-generation electroni-
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Fig. 1 Proposed electronic-lens-based axial-scanning 3-D imaging confocal microscope system realized by modifying a WITec AlphaSNOM 3-D imaging system.

cally controlled no-moving-parts optical beam 3-D scanners have been suggested to play a positive role in
application-dependent scanning microscopy instruments.22
Continuing the same theme of wavelength-independent
microscopy, recently proposed is the use of electronic optical scanning technology 共e.g., LC and mirror-based methods兲 to alleviate the moving-parts scanning burden for
confocal microscopes.23 Independently, researchers have
pursued using electronically controlled microelectromechanical system 共MEMS兲 mirrors24 and fluidic25 lenses for
scanning in optical coherence tomography 共OCT兲 imagers,
including the use of an acousto-optic electronically controlled cylindrical lens for axial scanning in multiphoton
laser scanning microscopy.26 LC e-lens technology can be
used in a basic confocal microscopy setup to enable nomoving-parts axial scanning to realize depth-direction
scans of electronic and optical materials in order to produce
1-D profile sections of a material.27 Also shown is how the
earlier developed LC e-lens-based confocal design can be
applied to a full 3-D-scan commercial confocal and nearfield microscopy system, a WITec AlphaSNOM.28 The focus of the present paper is to provide the first step in acquiring and studying the 3-D imaging data from a bloodvessel slide sample viewed with the LC e-lens confocal
microscope. The rest of the paper describes the proposed
LC e-lens confocal microscopy system and its experimental
results.
2

Proposed E-LENS-Based Axial-Scanning
Confocal Microscope
The proposed confocal microscopy approach, shown in Fig.
1 in a reflection mode, uses the concept of a programmable
weak thin lens cascading with a strong fixed focal length
microscope objective lens to form a variable-focal-length
Optical Engineering

objective. A transmission-mode system would involve an
additional e-lens placed below the second objective under
the sample.23 A commercially available full 3-D scanning
confocal microscope, the WITec AlphaSNOM, is modified
by inserting a LC e-lens in its sample arm. The sample is
illuminated using coherent light in the visible region of the
electromagnetic spectrum. This light is coupled into a
polarization-maintaining SMF using a fiber coupler, which
is connected to the body of the microscope. This arrangement can be used to get either p- or s-polarized light inside
the microscope body, depending on the polarization of the
incident light and the direction in which the fiber is connected to the microscope body. This is important in order to
have the light polarized along the director of a polarizationbased e-lens such as a LC-material e-lens. Once inside the
microscope body, the light is collimated using an achromatic lens system. In the sampling arm, the light passes
through the e-lens and the objective lens system, placed a
distance d apart from each other, and is focused onto the
sample. The reflected light from the sample goes into the
detection arm and is coupled into a collection fiber using a
tube lens. The core of this collection fiber acts as the confocal pinhole and rejects the out-of-focus light. An avalanche photodiode in photon-counting mode is used as the
detector, although a lower-cost pin photodiode can also be
used in the system. The sample is scanned in the x and y
directions using precision piezoelectric stages built into the
microscope. However, in the axial 共z兲 direction, the sample
is fixed and scanning is achieved by just varying the drive
signal of the e-lens.
Figure 2 further illustrates the difference between the
standard confocal microscope and the e-lens-based confocal microscope. When the e-lens is used, the focal plane
can be changed electronically by varying the drive signal.
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Fig. 2 Working principle of 共a兲 standard confocal microscope with moving objective 共or sample兲, 共b兲
e-lens-based confocal microscope. Dashed lines show the modified beam path when the e-lens is
turned on to change focus.

The e-lens adds weak positive lensing to the incident light,
which is then focused onto a plane that is closer to the
micro-objective lens than its original focal plane 关see Fig.
2共b兲兴. The light from this new plane is then imaged onto the
confocal pinhole. The axial scan range depends on the type
of micro-objective used and on the effect of spherical aberrations introduced by the physical placement of the e-lens
coupled to an optimized objective and the e-lens’s nonideal
wavefront control operations. For a higher 共lower兲 numerical aperture 共NA兲 of the micro-objective, the scan range is
shorter 共longer兲. Ideally, for an aberration-free objectiveoptimized confocal microscope using axial mechanical motion, the transverse and axial resolutions are given by4

dTr = 0.46

dAx =


,
NA

共1a兲

1.4n
.
NA2

3 Experimental Demonstration
For a first-step proof-of-concept experiment to demonstrate
simple controlled biological sample imaging, the setup in
Fig. 1 was realized by modifying a WITec AlphaSNOM
confocal microscope by inserting an LC e-lens at a distance
d = 5 cm from the objective lens in the sample arm of the
microscope. The LC e-lens used for our experiment is
based on nematic liquid crystal 共NLC兲 technology and enables microscope-objective focal-length changes via adjustment of the e-lens drive frequency. Details on this NLC
e-lens and its effects on confocal microscopy parameters
such as point spread functions 共PSFs兲 and aberrations are
described in Refs. 27 and 29. This e-lens has a 5-mmdiameter active lens area. Its focal length changes from
infinity to 1 m for a frequency change from 0 to 60 kHz.
The device uses a 25-m-thick NLC layer sandwiched between glass layers making an 8-mm-thick optical device.

共1b兲
Scan
location

Here  is the wavelength of incident light, NA is the numerical aperture of the micro-objective, and n is the refractive index of the object medium. The e-lens and the microobjective lens together form a two-lens system, the
effective focal length f e of which is given by
fe =

冉

1
1
d
+
−
f m f el f m f el

冊

−1

.

共2兲

Here f m and f el are the focal lengths of the microscope
objective lens and the electronic thin lens, respectively, and
d is the separation between the two lenses. The focal length
f m remains fixed, while f el changes as the drive signal to
the e-lens is changed. Note that the model in Fig. 2 is only
a basic illustration of the e-lens varying-focal-length confocal microscope; in practice, a micro-objective assembly
consists of several lenses instead of just one spherical lens.
Optical Engineering

Fig. 3 Cross section of pig artery from CDC slide produced using
standard optical microscope.
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(a)

(b)

Fig. 5 Example measured change in axial focus position in the NLC
e-lens confocal microscope with a 60⫻ 共NA= 0.8兲 micro-objective for
selected e-lens drive frequencies up to 11 kHz.

(c)
Fig. 4 Artery sample: 50⫻ 50-m cross-sectional 共transverse, xy兲
scan of 500⫻ 500 pixels with a 60⫻ objective兲, using 共a兲 conventional all-mechanical scan confocal microscope, 共b兲 modified confocal microscope with NLC e-lens set for a 5-m focal-length change,
and 共c兲 modified confocal microscope using 5-m focus-change onstate e-lens and a counterdirection 5-m axial 共depth兲 scan position
offset via mechanical motion to recover the image in 共a兲.

The transmission of the device is ⬇70% at 633 nm. The
light source used is a MellesGriot 15-mW 633-nm He-Ne
laser, which is coupled into a 4-m SMF. A combination of
various neutral-density filters is used between the laser and
the fiber coupler to control the amount of light illuminating
the sample. The tube lens used in the detection arm to focus
the reflected light onto the confocal pinhole has a focal
length f = 16 cm. The core of the collection fiber has a diameter of 8 m. Two different micro-objectives, a 60⫻
共NA= 0.8兲 and a 20⫻ 共NA= 0.4兲, are used to get two different sets of data as explained in the following paragraphs.
Figure 3 shows a cross-sectional view and dimensions of
an approximately two-month-old pig artery in a Center for
Disease Control 共CDC兲 slide No. IHC04-115, Hemediagnostic S-100D. 3-D images 关i.e., xy transverse images at
different z 共axial兲 scan locations, and xz and yz scans兴 of
this pig artery have been realized using both the conventional all-mechanical scanning confocal microscope and the
modified NLC e-lens-based confocal microscope, using a
60⫻ 共NA= 0.8兲 micro-objective. Figure 4 shows transverse
共cross-sectional兲 views of the marked square targeted area
in Fig. 3. The scans in Fig. 4 are 500⫻ 500 pixels with a
motion step of 0.1 m, enabling a 50⫻ 50-m imaged
zone. The data for Fig. 4共a兲 were obtained by using the
mechanical z-stage motion to position the confocal depth at
a chosen position within the artery. Next, with the mechanical z stage at the same location, the NLC e-lens was turned
on for a 5-m focal shift 共⬇3.5 axial imaging bins—i.e.
Optical Engineering

focal-depth increments兲, and a transverse scan was taken
关see Fig. 4共b兲兴. The change in focus caused by the e-lens is
clearly visible. With the e-lens still on, data for Fig. 4共c兲
were obtained by moving the mechanical z stage by 5 m
to recover the desired known axial location and then performing a mechanical cross-sectional scan. As expected,
Fig. 4共a兲 and Fig. 4共c兲 are visually similar.
The data for Fig. 5 were acquired with a gold mirror as
a sample target and using the calibrated axial motion stage
of the WITec AlphaSNOM microscope. With this experimental arrangement incorporating the high-NA 共0.8兲, 60⫻
micro-objective, a total scan range of 19 m was measured
using e-lens drive frequencies up to 11 kHz. The deployed
e-lens can also be driven at frequencies up to 60 kHz,
which results in a higher scan range, e.g., 125 m, although at the cost of larger spherical aberrations.
In the second part of the experiment, the 60⫻ microobjective was replaced with a 20⫻ 共NA= 0.4兲 microobjective. Figure 6 shows a white-light image of the sample

Fig. 6 White-light image of pig artery produced using the WITec
AlphaSNOM with a 20⫻ micro-objective. The square zone is the
80⫻ 80-m area imaged in Fig. 7.
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(a)

(b)

Fig. 8 Artery sample: 50⫻ 50-m axial 共xz兲 scan of 500⫻ 500 pixels with a 60⫻ objective taken at y-scan location y = 0 m, using 共a兲
conventional all-mechanical-scan confocal microscope and 共b兲
modified confocal microscope using NLC e-lens set for a 5-m
focal-length change. Vertical axis is the z axis, and horizontal axis is
the x axis.

Fig. 7 Artery sample: 80⫻ 80 m cross-sectional 共transverse, xy兲
scan of 400⫻ 400 pixels with a 20⫻ objective using conventional
all-mechanical scan confocal microscope at axial scan locations ⌬z
of 共a兲 0, 共b兲 5, 共c兲 15, and 共d兲 25 m, and using modified confocal
microscope with NLC e-lens set for focal-length changes of 共e兲 0, 共f兲
5, 共g兲 15, and 共h兲 25 m.

along with the marked 80⫻ 80-m targeted area that is
imaged by the microscope. This time the targeted area is
along the edge of the artery. Transverse images at four different axial locations 共⌬z = 0, 5, 15, and 25 m兲 were taken
using the standard microscope and the modified e-lens miOptical Engineering

croscope shown in Fig. 7共a兲–7共d兲 and 7共e兲–7共h兲, respectively. These scans are 400⫻ 400 pixels, taken with a motion step of 0.2 m in the lateral direction. For the standard
microscope, the axial locations are varied by mechanically
moving the micro-objective lens; for the e-lens-based microscope, the sample and the micro-objective are fixed and
only the drive signal to the NLC e-lens is varied. The corresponding scans, shown side by side in Fig. 7, are similar
to each other, thereby showing the first-step proof-ofconcept 3-D imaging results of this system. A quantitative
analysis showing the similarity between these scans is undertaken in Section 4. Note that the scan range in this case
is a factor of ⬇2.5 greater than the corresponding scan
range with a 60⫻ micro-objective. The electronic and mechanical axial-direction scanning were over a 25-m zone
that was more than adequate to scan the pig artery.
Figure 8 shows example 500⫻ 500-pixel xz axial scan
data obtained using the 60⫻ 共NA= 0.8兲 objective with an
x-motion step of 0.1 m and a z-motion step of 0.1 m.
Figure 8共a兲 shows xz axial scan data using the standard
motion-based WITec AlphaSNOM, while Fig. 8共b兲 shows
xz axial scan data using the e-lens-based system. The Fig. 8
data show that the whole blood vessel is around 25 m
thick. Using the e-lens, the scan in Fig. 8共b兲 was displaced
by 5 m in the z direction from the scan in Fig. 8共a兲. Compared to Fig. 8共a兲, Fig. 8共b兲 shows a drop in acquired axialscan light levels, because the optical power, at the axial
focus position, as shown earlier, decreases as the e-lens
focusing power increases.27 Also note that the addition of
the e-lens has resulted in horizontal stripes in the image.
This is most likely the result of reflections introduced inside the microscope by the e-lens, which might be eliminated by using an antireflective coating on the e-lens.
Figure 9 shows the axial scans taken with the e-lens set
for various larger focal-length changes, resulting in larger z
displacements than in Fig. 8共a兲. One can clearly observe the
changing z position of the blood artery as the e-lens
changes its focusing power.
The present NLC e-lens takes a rather long time 共1 s兲
reset. Nevertheless, these slow NLC e-lenses can be cascaded in a digital LC lens design, shown earlier in Ref. 30,
that can lead to a much shorter 共e.g., 1 s兲 reset time, en-
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(a)

was to deploy a typical inhomogeneous 共nonspecular兲 material sample such as a biological sample, viz., the pig artery in a glass slide. Section 3 has presented some axial
scans of this blood vessel: Fig. 4 and Fig. 7 show xy 共transverse兲 scans at selected axial 共z兲 scan locations. Since the
scans are from a biological sample with unknown internal
3-D structure, a possible method, commonly used in computer vision engineering, is correlation of images by
computer-based image processing. Thus, here too, as a first
step, we deployed the image correlation technique to compare the axial scans obtained via the mechanical-motion
and the E-lens WITec AlphaSNOM.
The 2-D normalized cross-correlation function between
two images f共x , y兲 and g共x , y兲 is given as31

(b)

r共u, v兲 =

关f共x,y兲 − f̄兴关g共x − u,y − v兲 − ḡ兴
兺
x,y
兵 兺 关f共x,y兲 − f̄兴2其1/2兵 兺 关g共x − u,y − v兲 − ḡ兴2其1/2
x,y

,

x,y

共3兲
(c)

(d)

(e)

(f)

Fig. 9 Artery sample: 50⫻ 50-m axial 共xz兲 scan of 500⫻ 500 pixels with a 60⫻ objective taken at y-scan location y = 0 m, using a
NLC e-lens set for focal-length changes of 共a兲 4, 共b兲 5, 共c兲 8, 共d兲 11,
共e兲 16, and 共f兲 22.5 m. The vertical and horizontal axes correspond
respectively to the z axis and the x axis.

abling capture of fast temporal effects in biological samples
such as neurons. Hence, the use of a single NLC lens as
described in this paper is only a first step in achieving a fast
e-lens confocal microscope design.
4 Data Analysis
In the previous work using this NLC e-lens in a confocal
microscope, typical confocal microscopy conditions were
examined, such as operation with and without e-lens axial
PSFs, and measured system transverse resolution in the
presence and absence of e-lens operation using a sample
with given resolution 共viz., an optical waveguide chip兲.27
These 3-D imaging results on a homogeneous material 共indium phosphide兲 optical chip indicated comparable performance of the systems without and with the e-lens, in view
of the presence of e-lens spherical aberrations due to NLC
lens performance and optical design of the e-lens, in contrast with the aberration-optimized objective lens.27 Given
these positive results, the next step in the experimentation
Optical Engineering

where f̄ and ḡ are the respective mean values of the two
images. The values of this function are bounded between
−1 and 1, with a value of 1 denoting maximum positive
correlation when f共x , y兲 = g共x , y兲 and u = 0, v = 0. A value of
0 indicates no correlation, while a value of −1 indicates a
negative correlation implying f共x , y兲 = −g共x , y兲.
The Fig. 7 images taken from the standard WITec microscope and from the modified NLC e-lens microscope are
correlated against each other to determine as a first step the
quality of our experimental results. The correlation results
for each of the four locations of the blood vessel are shown
in Fig. 10. The results show high peak correlation values of
0.91, 0.86, 0.90, and 0.81 for focal shifts of 0, 5, 15, and
25 m, respectively. These preliminary results show that
the blood artery information taken at different axial 共z兲 scan
locations using the NLC e-lens confocal microscope are
reasonably similar to the data taken using the standard mechanical motion microscope. Figure 11 shows similar correlation data for the Fig. 4 data. Specifically, Fig. 11共a兲
shows the autocorrelation 共peak value⫽1兲 of the mechanically in-focus data, i.e., Fig. 4共a兲. Figure 11共b兲 shows the
cross-correlation between the mechanically in-focus data of
Fig. 4共a兲 and the out-of-focus data of Fig. 4共b兲 produced by
controlling the NLC lens. The cross-correlation peak is
0.64. On the other hand, Fig. 11共c兲 shows the crosscorrelation between the mechanically in-focus data of Fig.
4共a兲 and the NLC e-lens in-focus data of Fig. 4共c兲 with a
cross-correlation peak of 0.71. These autocorrelation and
cross-correlation data give a preliminary indication of the
level of performance achieved by the demonstrated e-lensbased microscopy system.
It is important to point out that better parameters to
quantify the biological 3-D microscopy performance are
the axial and transverse PSFs, and this will be attempted in
a future experiment using defined 3-D targets such as various sizes of metal beads in a scattering medium.
The departure of these preliminary data correlation values from the ideal value of 1 is primarily due to optical
aberrations introduced into the system by the presence and
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(a)

(b)

(c)

Fig. 11 共a兲 Autocorrelation of Fig. 4共a兲 in-focus data scan, 共b兲 crosscorrelation of Fig. 4共a兲 in-focus data scan and Fig. 4共b兲 NLC e-lens
out-of-focus data scan, and 共c兲 cross-correlation of Fig. 4共a兲 in-focus
data scan and Fig. 4共c兲 NLC e-lens in-focus data scan.

(d)

Fig. 10 Cross-correlation results between Fig. 7 data scans taken
using the standard confocal microscope and the e-lens confocal microscope at ⌬z scan locations of 共a兲 0, 共b兲 5, 共c兲 15, and 共d兲 25 m.

Optical Engineering

operation of the e-lens. The most significant aberration
caused by this NLC e-lens is spherical aberration29 and is
primarily caused by the nonlinear part of the electro-optic
response of the LC. This aberration is not uniform over the
aperture of the lens and in fact changes sign as we move
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Fig. 12 Difference between the Gaussian image point and the point
of best focus in the presence of spherical aberration in an imaging
system.

from the center to the edge of the lens. It is also different
for different values of the drive signal 共for focus change兲.
Note that each micro-objective is carefully designed for
optimal focus, i.e., a Gaussian focus point when using a
collimated, plane-wave input beam. By placing an e-lens
before the micro-objective entrance face, one deviates from
this optimal condition by introducing spherical wavefronts
into the objective. These spherical wavefronts add to the
already present spherical aberration, due to e-lens imperfection, in the overall imaging system.
When no spherical aberration is present in an imaging
system, all rays are focused to a single point, known as the
Gaussian image point. However, in the presence of spherical aberration, rays away from the optic axis are focused at
slightly different locations from the rays close to the optic
axis 共see Fig. 12兲. The point where the rays close to the
optic axis are focused is known as the paraxial focus or
Gaussian image point, while the point where rays close to
the edge of the lens are focused is known as the marginal
focus. The point of best focus 共commonly known as the
circle of least confusion兲 is defined as the point where the
resultant focused optical blur spot is the smallest and occurs somewhere in between the paraxial and the marginal
foci.32 The size of this smallest optical spot is larger than
the corresponding smallest optical spot in the absence of
any spherical aberration. With respect to the proposed
e-lens-based microscope, a point to note is that instead of
the point of best focus, the Gaussian image point is still
being imaged onto the confocal pinhole. This is what
causes the decrease in lateral resolution as evidenced by the
slight blurring of the data features as seen in the scans
taken using the e-lens-based microscope. An important
point to notice here is that this aberration will be less for
low-NA micro-objectives than for high-NA ones, since for
a high-NA lens, the beam expands more rapidly beyond the
point of best focus. It is worth remembering that when the
NLC e-lens is turned on, the Gaussian image point itself
moves according to the drive signal of the e-lens, and at
each value of the drive signal, a different Gaussian image
point is being focused on the confocal pinhole. We refer to
this phenomenon as focus change caused by the function of
the e-lens. Other aberrations such as coma, tilt, and astigmatism, as documented in Ref. 29 for this NLC E-lens, are
not as significant as the spherical aberration effect.
One possible option for compensating these spherical
aberrations is by adding an appropriate amount of defocus
to the system,33 so as to image the point of best focus
instead of imaging the Gaussian image point onto the confocal pinhole. What makes this task challenging is the variable nature of the aberration, i.e., the amount of aberration
Optical Engineering

changes with varying amounts of focus change caused by
the e-lens. Hence, one needs to use an adaptive method of
introducing defocus into the imaging system. One such
method could be the introduction of another e-lens in the
detection arm.23 This second e-lens could be used in conjunction with the tube lens to focus light coming from the
plane of best focus onto the detection pinhole instead of the
light coming from the Gaussian image point. The synchronized drive signals to the two e-lenses would need to be
carefully optimized in order to compensate for the axialscan-position spherical aberration with an opposite amount
of defocus aberration.
Another well-known approach to counter spherical aberrations in an optical microscope is by the use of an adaptive
spatial light modulator such as a 2-D deformable mirror
device that can be electronically programmed to produce
the desired wavefront correction.34,35 In any case, it is important to stress that spherical aberrations due to the e-lensbased confocal microscope design must be adequately compensated to realize the true potential of quality 3-D
imaging.
5 Conclusion
We have demonstrated the use of an NLC e-lens in a confocal microscope to produce 3-D imaging of a sample
blood vessel in a glass slide. The e-lens allows a nomoving-parts focus change in the biological sample. Such
an e-lens-based design can lead to elimination of mechanical forces on test samples, which occur when fast mechanical axial motion between objective and sample is introduced as in conventional confocal microscopes. The
performance of the e-lens-based confocal microscope will
greatly depend of the type of e-lens technology employed
共e.g., NLC, MEMS, liquid兲, given that each e-lens type has
different levels of aberration performance.36–38 Future work
will relate to quantifying aberration and 3-D imaging performance using known 3-D targets in scattering media.
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